We have investigated the productive interaction between the four mammalian Ras proteins (H-, N-, KA-and KBRas) and their activators, the mammalian exchange factors mSos1, GRF1 and GRP, by using a modi®ed Saccharomyces cerevisiae whose growth is dependent on activation of a mammalian Ras protein by its activator. All four mammalian Ras proteins were activated with similar eciencies by the individual exchange factors. The H-Ras mutant V103E, which is competent for membrane localization, nucleotide binding, intrinsic and stimulated GTPase activity as well as intrinsic exchange, was defective for activation by all factors tested, suggesting that the integrity of this residue is necessary for catalyzed exchange. However, when other H-Ras mutants were studied, some distinct sensitivities to the exchange factors were observed. GRP-mediated, but not mSos1-mediated, exchange was blocked in additional mutants, suggesting dierent structural requirements for GRP. Analysis of Ras-mediated gene activation in murine ®broblasts con®rmed these results. Oncogene (2001) 20, 2091 ± 2100.
Introduction
The Ras proteins are guanine nucleotide binding proteins that serve as signal transducers between growth factors and the nucleus of mammalian cells. Activated versions of the ras genes are transforming and encode proteins de®cient for down-regulation via their GTPase activity. Four homologous Ras proteins are expressed in mammalian cells, H-, N-, KA-and KB-Ras, where KA-and KB-Ras are expressed from the K-ras gene by dierential splicing involving the fourth exon (reviewed in Lowy and Willumsen, 1993) . Little is known about the biological dierences between these four Ras proteins. In contrast to N-ras and Hras, the K-ras gene is essential (Johnson et al., 1997) , however, it is not known if this is because K-ras is dierentially expressed or because the proteins encoded by K-ras possess a function not carried out by H-Ras or N-Ras. The Ras proteins are identical from amino acid 1 ± 86, and share high similarity through amino acid 165. The amino acids 166 ± 185 designate the heterogeneous region with less than 10% identity; this region can be deleted in activated Ras without loss of transforming activity (Willumsen et al., 1984a) . The four Ras proteins contain a C-terminal signal determining the modi®cations of the Ras proteins responsible for membrane association of Ras (Willumsen et al., 1984a; Hancock et al., 1989 Hancock et al., , 1990 ). This signal is slightly dierent for KB-Ras than for the others, in that it contains a series of lysine residues rather than a palmitoylation site as secondary signal. The Ras proteins are activated by Guanine Nucleotide Exchange Factors (GNEF) whose interactions with the Ras proteins are thought to stabilize the nucleotide free conformation of the proteins. This allows binding of the activating nucleotide GTP, present in concentrations 10 ± 30-fold higher than GDP (Pilz et al., 1984) .
Three classes of Ras speci®c exchange factors have so far been identi®ed in mammalian cells: Sos, GRF and GRP, of which Sos and GRF each have two members (Kaibuchi et al., 1991; Bowtell et al., 1992; Cen et al., 1992; Martegani et al., 1992; Shou et al., 1992; Chardin et al., 1993; Fam et al., 1997; Ebinu et al., 1998) . The catalytic domain of GRF can activate all four Ras proteins in vitro (Orita et al., 1993; Leonardsen et al., 1996) . Although full length GRF in vitro can activate H-, N-, and R-Ras, a closely related member of the Ras super family (Gotoh et al., 1997) , full length GRF in vivo is reported to activate only HRas and not N-Ras or KB-Ras (Jones and Jackson, 1998) .
Extensive structure-function analyses of Ras have highlighted regions of the molecule participating in the exchange reaction. The fact that mutations of the Cterminal part of helix 3 and loop 7 (amino acids 102 ± 107) aect the transforming activity of the wild type HRas but not that of activated v-H-Ras suggested that this region is involved in the exchange reaction (Willumsen et al., 1991) . Analysis in a mammalian system of mutants found in C. elegans (Howe and Marshall, 1993) and of mutations relieving the inhibitory eect of the N17 mutation (Quilliam et al., 1994) have identi®ed residues in the switch II region (residues 60 ± 76) as important for exchange. Previously, we have generated a number of mutations in H-ras and tested these for the sensitivity to a temperature sensitive allele of CDC25 in a S. cerevisiae strain dependent on Ras-exchange for growth (Segal et al., 1995) . We found that sequences in both the switch II region and in loop 7 were important for exchange. Structure determination of H-Ras complexed with a catalytic domain of Sos (amino acids 564 ± 1049) showed that, among extensive interactions, also the switch II and helix 3/loop7 harbor residues directly interacting with Sos (Boriack-Sjodin et al., 1998) . This suggests that alteration of such residues might interfere with productive interaction.
We chose to use S. cerevisiae to address the question of dierential substrate speci®city for mammalian exchange factors. In this system we can examine the interaction between dierent Ras proteins and dierent exchange factors in vivo under conditions where Ras is fully modi®ed and where only one Ras protein and one exchange factor are expressed. We have used this system to investigate the Ras exchange factors Sos1, GRF, and GRP. We have re®ned the system by integrating the negative regulator GAP into the chromosome as an inducible allele, and we ®nd that Sos1, GRP and Cdc25 eciently activate the four mammalian Ras proteins to equal extents. The Ras family members R-Ras, Rac1 and RhoA were unable to support S. cerevisiae growth and their interactions could therefore not be analysed. Our results show that all exchange factors are defective for activation of a mutant H-Ras protein encoding glutamate at position 103.
Results

Yeast based assay for mammalian exchange activity
Two Ras proteins, Ras1 and Ras2, in the yeast S. cerevisiae reside at the core of a signal transduction pathway required for growth (Tatchell, 1986; Broach and Deschenes, 1990; Broach, 1991; Thevelein, 1994) . As in other organisms, yeast Ras proteins can transmit a regulatory signal by shuttling between an inactive GDP-bound form and an active GTP-bound form. In yeast, the GTP-bound Ras proteins stimulate adenylyl cyclase, encoded by CYR1. Ras activation of adenylyl cyclase and subsequent stimulation of the yeast A kinase are essential for growth (Toda et al., 1985; De Vendittis et al., 1986; Field et al., 1988) . Competing reactions catalyzed by yeast GAP proteins, Ira1 and Ira2, on the one hand, and the GNEF, Cdc25, on the other, determine the amount of Ras-GTP in the cell.
To develop a yeast strain suitable for evaluation of mammalian exchange factors, we made use of a Gal + derivative (BW 3523, Table 1 ) of S. cerevisiae strain MS14-4HT (Segal et al., 1993) , which lacks both RAS genes but which maintains viability due to increased expression of a catalytic subunit of the cAMP dependent protein kinase from a 2 micron (2 m) plasmid, pTPK. In addition, the strain carries a deletion of the gene encoding the endogenous Ras exchange factor, CDC25. Expression of H-ras renders this strain pTPK independent, because the endogenous RAS-GAPs Ira1 and Ira2 do not down-regulate the HRas protein (Tanaka et al., 1990) . Thus presence of a functional Ras protein allows growth in the absence of pTPK, while the inability to lose pTPK indicates that the Ras protein does not stimulate cyclase. Expression of mammalian Ras-GAP, in turn, renders the strain dependent on expression of an exchange factor (Ballester et al., 1989; Segal et al., 1992; Mosteller et al., 1994) . Accordingly, by expressing GAP from an inducible promoter, we can further assess the integrity of the expressed Ras protein by its ability to become down-regulated when GAP is induced, as well as the sensitivity of the expressed Ras protein to dierent exchange factors by the ability of an exchange factor to restore growth upon GAP induction (Segal et al., 1995) . To generate a strain sensitive to low levels of exchange, we integrated an inducible GAP gene into the chromosome. Upon growth on galactose, this strain (BW 3868) expressed approximately 100-fold less GAP protein than did a strain that induces GAP from a 2 m plasmid. Nonetheless, in a strain expressing H-Ras, this level is sucient for down-regulation of the Ras protein, since in the absence of exchange factors no growth was seen on galactose plates (data not shown).
We ®rst investigated if N-, KA-and KB-Ras would support growth in the absence of GAP by transforming the genes into strain BW 3868 (ras1D ras2D cdc25D GALp-GAP [pTPK]) and testing for loss of pTPK. All ras genes supported pTPK loss on glucose with equal eciencies, suggesting that neither Ira1 nor Ira2 recognized N-Ras, KA-Ras, or KB-Ras. When pTPK 7 segregants of the transformants were plated on galactose, no growth was observed (data not shown); indicating that the induced GAP eciently downregulated the Ras proteins. Western blots of extracts of the strains showed similar levels of Ras-signals as revealed by the pan-Ras antibody Y13-259 (Furth et al., 1982) (Figure 3 top) . Activated H-Ras in the form of the viral Ras protein (v-H-Ras) was included as a (Moreira and Holmberg, 1998), c In square brackets genes present on a 2 m plasmid are indicated, with the selectable marker in normal brackets positive control and for this strain no dierence was observed between the plating eciency on glucose or galactose plates (data not shown).
A member of each class of the mammalian Ras exchange factors ± mSos1, GRP and GRF as well as Cdc25 from S. cerevisiae ± were transformed into the strains expressing each of the four mammalian Ras isoforms. In addition, constructs were introduced expressing the catalytic domains of Sos1, GRF and GRP, which encode the region of homology to Cdc25. Full length GRF had a dominant negative eect on growth on glucose plates (Figure 1 ), a phenotype that was reproduced by transformation into an unrelated S. cerevisiae genetic background (data not shown). Thus, for GRF, only exchange activity of the catalytic domain could be determined. The dierent exchange factors exhibited dierent degrees of exchange activity as judged by the dilution which gave rise to growth in the presence of induced GAP, with Cdc25 the most potent, followed in order by SosCat and full length mSos1 and then GRFCat, GRP and GRPCat ( Figure  1 ). While the eciency of exchange varied among the tested factors and their catalytic domains, no speci®city towards any of the Ras proteins was observed ( Figure 1 ).
Ras-family GTPases
To examine if RhoA, Rac1 or R-Ras could suppress the lethality of a cdc25 ras1 ras2 strain, plasmids encoding wild type or mutationally activated alleles of these three GTPases were transformed into BW 3868. No pTPK independent colonies could be obtained with any transformants. The expression of the GTPases was assessed by Western blotting, and all except activated Rac1 could be visualized (data not shown). We concluded that at least RhoA and R-Ras proteins could not activate adenylate cyclase.
Structural determinants for the exchange factors
In order to evaluate whether the stimulation by exchange factors of Ras proteins required identical Ras structures, we investigated whether a panel of Ras mutants aected mammalian exchange factors similarly. The mutations were located in residues whose side chains are solvent-exposed in the switch II loop (amino acids 60 ± 76), helix 3-loop 7 (102 ± 107) or an ahelix (residues 131 ± 138) dispensable for transformation of activated v-H-Ras (Willumsen et al., 1986) . Mutation of a-helix 131 ± 138 ablated exchange activity in vitro for at least one mutant (Leonardsen et al., 1996) . These H-Ras point mutants supported growth on glucose plates in the absence of pTPK, showing that none of the mutations compromised the ability of the proteins to activate adenylate cyclase. With the exception of K104E, all of the mutants could also be down-regulated by GAP, as shown by lack of growth on galactose plates in the absence of exchange factors. However, the K104E mutant was completely downregulated when GAP was induced from a 2 m plasmid, suggesting that this mutant is partially GAP insensitive and con®rming that the lower level of GAP obtained by induction of a chromosomal allele enables detection of Ras-dependent growth where plasmid induced GAP does not.
Analysis of activation of the mutant alleles by the dierent exchange factors indicated that Sos1 and GRP exhibit dierent sequence requirements for activation. Of the tested mutations, only the V103E allele prevented activation by Sos1 (Figure 2 ), a result similar to what we see with Cdc25 (Table 2 ). In contrast, the pattern of growth with GRP in the H-Ras mutants was very dierent from that of Sos1 or Cdc25, with the most prominent dierence at position 103. The V103E mutant, although clearly defective, promoted some growth when activated by GRP. However, a conservative valine to leucine mutation at the same position completely abolished the ability of GRP to activate this mutant ( Figure 2 ). This is in marked contrast to Sos1 and Cdc25, which activated the V103L mutant to the same level as wild type H-Ras. The same levels of mutant H-Ras V103E and V103L proteins were found in extracts from cells expressing the exchange factors (Figure 3, bottom) . Moreover, mutations at position 69 and two mutations at position 73 were activated by GRP to a smaller extent than was wild type H-Ras ( Figure 2) ; also a dierence from Sos1 and wild type Cdc25.
When GRFCat was examined for its ability to activate a subset of the Ras alleles (Table 2) , the activation pattern resembled that obtained with GRP, where mutations at 69, 73, and 103 diminished stimulation by GRFCat. For GRFCat, also the D105G mutant showed reduced activation, a growth defect that was not seen for any other exchange factor tested (Table 2) .
Ras activation in mammalian fibroblasts
To investigate these dierential activities in a mammalian system, wild type H-Ras and the mutants V103E and V103L were examined for cooperative activation of the fos promoter in transient transfections ( Figure  4 ). The V103L mutant cooperated with Sos to the same extent as did wild type Ras, while V103E did not exhibit cooperation. Both mutants tested were defective for cooperation with GRP. Thus, the results in mammalian cells were in complete agreement with those obtained in yeast.
To con®rm more directly that the V103E mutant was resistant to exchange factor dependent activation in vivo, the response of the mutant to EGF stimulation was assessed by precipitation with the Ras-Binding Domain of Raf (RBD-Raf). We added an N-terminal myc epitope to the mutant gene to enable separation in an SDS gel of the mutant protein from endogenous Ras. After transfection into NIH3T3 clone 7 cells and marker selection, pools of cells expressing comparable amounts of endogenous H-Ras and mutant H-Ras V103E were chosen, and the GTP-bound fraction analysed by precipitation with the Ras-Binding Domain of Raf. In the unstimulated cell (lane 0), both epitope-tagged Ras proteins show a higher signal than does endogenous Ras ( Figure 5 ). This is an eect of their higher expression level (lanes E), leading, through Transformation with CDC25 into the strains carrying the ras mutants showed slightly dierent results from those obtained with Cdc25 ts allele (cdc25-2) (Segal et al., 1995) , for example, for the V103E mutant, we here see some growth with Cdc25. We expect this to be a combined feature of the eciency of wild type Cdc25 and our lower concentration of GAP when induced from the chromosome mass action, to higher levels of the GTP-bound form . Under these conditions, where most likely Sos1 promotes Ras nucleotide exchange, both endogenous and N-terminally extended wild type myc-H-Ras proteins were activated, as seen by the increased Ras protein after 2 min of stimulation by EGF (Figure 5, lower) . In contrast, H-Ras V103E was impervious to growth factor stimulated activation; no increase in RBD-Raf-precipitable myc-H-Ras V103E was detected although the endogenous Ras was stimulated (Figure 5, upper) . To assess the eect of the single amino acid substitutions on the biological activity of H-Ras, we introduced these mutations into the activated ras oncogene, v-H-ras, and determined the transforming activity of the mutant genes in focus formation assays. As shown in Table 3 , none of the substitutions signi®cantly aected the transforming activity of v-H-ras, suggesting that none of the substitutions adversely aected the conformation important for interaction with eector molecules.
Discussion
All mammalian Ras proteins can substitute for RAS1 and RAS2
The use of this yeast system for studying heterologous Ras protein relies on the fact that such Ras proteins can activate yeast adenylyl cyclase but are not themselves subject to inactivation by the yeast GAPs, Ira1 and Ira2. Accordingly, the regulation of these heterologous Ras proteins by their corresponding GAPs and GNEFs can be examined in vivo in yeast by expression of regulatory proteins. Tanaka et al. (1990) showed that such a system permitted analysis of H-Ras and the results presented here show that this is also true for N-Ras, KA-Ras and KB-Ras (Figure 1) . The more distantly related GTPases R-Ras, RhoA and Rac1, however, were unable to support S. cerevisiae growth, most likely due to their inability to activate adenylyl cyclase.
Specificity among the exchange factors
In this study we tested the endogenous full-length yeast activator Cdc25, which co-evolved with the Ras1 and Ras2 proteins, for dierential activation of the mammalian Ras proteins and found that Cdc25 was equally active against all four Ras isoforms. Similarly, three mammalian exchange factors, Sos1, GRF and GRP, were examined for their eciency in activating the four mammalian Ras isoforms. GRF has been reported to have activity towards H-Ras but not NRas or K-Ras (Jones and Jackson, 1998), as demonstrated by overexpression of GRF and the dierent Ras proteins in NIH3T3 cells and analyzing GTP bound to individual, epitope-tagged Ras proteins. We found that full length GRF had a dominant negative eect on the growth of S. cerevisiae on glucose plates, making it impossible to investigate the activity of full length GRF using the yeast system. The catalytic domain of GRF, however, was non-toxic and exhibited exchange activity that was not speci®c towards H-Ras. Figure 4 Trans-activation of the fos promoter. The indicated ras-alleles were transfected into NIH3T3 cells together with a plasmid expressing luciferase from the fos-promoter. Activity is shown normalized to vector; all luciferase data obtained were normalized to an internal standard expressed from a promoter-less plasmid. This experiment was performed three times using two dierent DNA preparations, with samples done in duplicate. In the ®gure, the average is shown and half the dierence between the samples is indicated by the error-bar. V103L: H-rasV103L, V103E: H-rasV103E
Instead, it activated all four Ras proteins to a similar extent (Figure 1 ). These results are in accordance with other published results, also using the catalytic domain (Orita et al., 1993; Leonardsen et al., 1996) , and with analyses of full length GRF in in vitro assays comparing H-and N-Ras (Gotoh et al., 1997) . For the exchange factors Sos1 and GRP, no speci®city was observed, whether using full length or the catalytic domain of the proteins (Figure 1 ). This is in agreement with the conservation of Ras-residues 60 ± 74 and 101 ± 106, which are regions that have been implicated in exchange (Willumsen et al., 1991; Howe and Marshall, 1993; Quilliam et al., 1994) and suggests that a selective pressure for maintaining four slightly diverged Ras proteins would lie elsewhere.
Differential activity of exchange factors towards H-Ras mutants
To investigate aspects of the mechanism of activation, dierences between the exchange factors expressed in a panel of H-Ras point mutants were examined. Our results divide the exchange factors into two classes. The ®rst class consisted of Sos and Cdc25, which could activate all mutants except the H-Ras V103E mutant. The second class consisted of GRP and GRFCat, in which several H-Ras mutants in addition to V103E displayed a growth de®cient phenotype. Most notable was the H-Ras V103L mutant, which was resistant to activation by GRP and GRFCat ( Figure 2 , Table 2 ), but showed no growth defect in conjunction with Cdc25 and Sos1. The H-Ras V103E mutant, not activated by Cdc25 and mSos1, was partially defective with GRP and GRFCat, although it was more eciently activated than the V103L mutant. We found that GRFCat, encoding the C-terminal 287 residues of GRF, was very sensitive to mutations in H-Ras at positions 103 and 73, while less sensitive to mutations at 69 and 105. All of these mutations have been investigated in vitro using a slightly shorter catalytic domain, the C-terminal 256 amino acids of GRF, towards which all four mutants were resistant (Leonardsen et al., 1996) . We attribute the dierence to either the dierence in length of the catalytic domain or, more likely, a higher sensitivity of the yeast system compared to the in vitro system, in which complications with the integrity of the proteins could be a problem.
According to the crystal structure of the complex between hSos1 and H-Ras (Boriack-Sjodin et al., 1998), the amino acid in Sos closest to valine 103 in H-Ras is serine 881. However, alanine substitution of this, as well as the homologous residues in GRP (303) or GRF (1109), displayed the same phenotype as the wild types (data not shown), suggesting that no interactions speci®c for the side-chains of these residues are required for productive exchange. In a mammalian system using transient transfections we found that the V103L H-Ras mutant stimulated the Ras-responsive reporter as well as did the wild type in the presence of Sos1 overexpression and that the V103E mutant was defective under these conditions. When GRP was used as the exchange factor, the V103L mutant was as defective as the V103E. The lack of dierence between the V103E and V103L mutants probably re¯ects the fact that the mammalian system is not suciently sensitive to display the small dierence in growth observed in the yeast system (Figure 4) . In summary, Figure 5 The H-Ras V103E mutant is resistant to EGF induced exchange in ®broblasts. Cell pools expressing the myc-epitope tagged H-RasV103E or myc-H-Ras were grown to con¯uence and serum starved. The cells were stimulated with 50 ng/ml EGF for the times indicated, lysed and precipitated with RafRBD. The precipitated Ras was analysed by Western blotting using an HRas antibody. Extracts for all samples were analysed on separate Westerns and found to contain equal concentrations of Ras protein. Top. Ras-GTP from myc-H-RasV103E expressing cells. E0 and E2: 4% of volume used for pull-downs of extracts from unstimulated and 2 min sample, respectively. Bottom: Part of blot of Ras-GTP from myc-H-Ras expressing cells. Endogenous Ras is labeled H-Ras we observe a clear dierential activity, not only with V103L, defective with GRP but wild type with Sos in both S. cerevisiae and in mammalian ®broblasts, but also with the switch II mutations in amino acids 69 and 73. This suggests exchange-factor speci®c requirements for the Ras structure and promotion of nucleotide release from the Ras protein by qualitatively dierent interactions. The V103E mutation aected the eciency of exchange with all factors tested. In serum-stimulation experiments, Ras-protein carrying this mutation was not induced to adopt the conformation associating with the Ras-binding region of Raf. Residue 103 of HRas is located on the surface opposite the guanine nucleotide-binding pocket, at the junction of helix 3 with loop 7, close to the distal part of the switch II loop containing residues 73 ± 74 (Pai et al., 1990) (Figure 6 ). In vitro analyses showed that mutation of this residue did not aect GAP sensitivity, intrinsic GTPase or intrinsic exchange activities (Leonardsen et al., 1996) , and here we show that also in vivo this mutant is fully GAP sensitive. The mutation does not lead to constitutive activation, since the H-ras V103E gene is not transforming (data not shown); however, the mutant is likely not to aect eector function since an activated version is fully transforming. Therefore, the residue, or a local conformation it induces, may be important selectively for engagement with exchange factors. In analogy with the utility of the membraneassociation speci®c mutant C186S (Willumsen et al., 1984b) , and the eector mutations (Sigal et al., 1986; Willumsen et al., 1986) , we suggest that the V103E mutant might be useful for diagnosis of exchangefactor interaction dependent activities.
Materials and methods
Yeast manipulations and strains
Yeast strains used in this study are listed in Table 1 . MS14-4HT (Segal et al., 1993) has ras1 and ras2 knocked out by URA3 and HIS3, respectively, while cdc25 is nonfunctional because of a deletion. The strain is viable as it contains a 2 m plasmid encoding TPK, the catalytic subunit of the cAMP dependent protein kinase. Standard genetic techniques were used for growth and transformation of the yeast strains (Rose et al., 1990; Gietz et al., 1995) . We wanted to express GAP from the galactose inducible promoter, however MS14-4HT is Gal 7 and was therefore mated to SG115, which is Gal + . Tetrads were drawn and one strain was selected, having the same genotype as MS14-4HT, except it is Gal + (BW 3523). The integrity of the knockouts was veri®ed by Southern blotting using URA3 and HIS3 as probes, and the genotype of the cdc25 allele was con®rmed by PCR (data not shown).
Construction of a yeast strain having GAP integrated on the chromosome
To get the most sensitive strain for investigating the interaction between Ras and its exchange factors, GAP under the control of the GAL1 promoter was integrated into the chromosome. This was done by cloning galGAP from the pYES2(ADE2)-GAP plasmid (see below for description) into the unique XmaI site in the pFA6Kana-MX4 vector (Wach et al., 1994) . The galGAP fragment was obtained by PCR using the primers galGAPSpe1: 5'-aaaacccggggcgtggggatgatcc-3' and galGAPCycI: 5'-aaaacccgggctggccgattcattaatgcag-3' with pYES2(ADE2)-GAP as template. The whole galGAPKana fragment, or just the Kana fragment, was then PCR ampli®ed using the primers RAS1-S1: 5'-cttaattaactgctgccacaattgacttcggtttggctatttcacgattgaacagcgtacgctgcaggtcgac-3' and RAS1-S2: 5'-gtcatatcaagagagcaggatcattttcaacaaattatacaacaaccaccactagattcatcgatgaattcgagctcg-3'. BW 3523 was transformed with the PCR products and selected by plating on FOA plates followed by screening for G418 resistance. The integration exchanges the entire ras1 sequence including the URA3 sequence of BW 3523 with GAP expressed from the GAL promoter and the Kana marker. The number of integrations was investigated by Southern analysis using Kana as a probe and found to be one. The site of integration was veri®ed by PCR and Southern analysis, and BW 3868 (GAPkana) and BW 3970 selected for further studies.
The dierent ras alleles were introduced into the yeast strains by plasmid shuing. Brie¯y, BW 3868 was transformed with the 2 m plasmid encoding the ras gene under the control of the PGK promoter (Segal et al., 1993 (Segal et al., , 1995 and grown non-selectively in YPD. The yeast strains were diluted and plated on YPD plates for single colonies, grown for 1.5 days and replicated to the appropriate plates to look for colonies that had lost the pTPK(Leu) plasmid but retained the pRas(Trp) plasmid. In control transformations with vector p(Trp) DNA, loss of the pTPK plasmid was never observed. Except for the K104E-Ras mutant and activated v-H-Ras, all ras proteins were down-regulated under conditions where GAP was expressed from the chromosome. All plasmids encoding Ras transformed into the control strain (BW 3870) grew on galactose plates (data not shown).
Yeast growth assays
Plating eciency experiments were carried out on outgrown YPD cultures normalizing to the culture having the lowest Exchange factors pYEp21CDC25, (Segal et al., 1993) and pAD 4 D-GRFCat, (Ballester et al., 1989; Segal et al., 1993) D-GRPCat (pBW 3855) were made by ligating pBW 3406 digested with SstII, blunted using T4 DNA polymerase then digested with XhoI, to fragments encoding either GRP or GRPCat (rbc7) (kindly provided by James Stone, University of Alberta; Ebinu et al., 1998) that had been digested with BamHI and blunted as above followed by digestion with SalI. pAD 4 D-GRF (pBW 4012) was made by ligating pBW 3406, digested with SstII and blunted using T4 DNA polymerase followed by digestion with NotI, to pEFP-GRF (kindly provided by Douglas Lowy, NIH; Anborgh et al., 1999) digested with BamHI and blunted as above followed by digestion with NotI.
Isogenic Ras-isoform expressors
The ras genes were generated by recombining H, N and K genes through restriction sites originally present in the v-Hras gene (Dhar et al., 1982) : FspI at codon 72 and SpeI at codon 159. The sites were engineered into N-ras sequences from a clone derived from the human N-ras cDNA (clone pUCEcoSStNras from A Hall (Hall and Brown, 1985) , and into the KA-ras sequences from a clone derived from clone KBE-2 carrying v-K-ras (Tsuchida et al., 1982) . The nonactivated H-ras sequences (which carry a HindIII site at codon 5) from pCO 23 W (Velu et al., 1989) were recombined into the N-and KA-ras genes through the FspI site in codon 72 (the ras genes encode identical proteins from amino acid 1 ± 86). A KB derivative was made by Dr Jerey DeClue by exchanging a SpeI (codon 159) ± XhoI (3' untranslated region) fragment from the v-Ras KA gene with a synthetic SpeI ± XhoI fragment encoding the KB sequence, the stop codon and some downstream sequences present in the KA gene: (SpeI) ctagttcgagaaattcgaaaacataaagaaaagatgagcaaagatggtaaaaagaagaaaaagaagtcaaagacaaagtgtgtaattatgtaatctgggtgttggaattcctcgag (XhoI). These manipulations generated fragments with HindIII ± XhoI ends encoding N-, KA-, and KB proteins. For expression in S. cerevisiae the plasmid encoding H-Ras in pBW 2396, a 2 m based plasmid encoding the ras gene under the control of the PGK promoter (Segal et al., 1993) , was digested with HindIII and XhoI (releasing H-ras sequences) and the N-KA-, or KB encoding fragments inserted.
Ras family
R-Ras, Rac1 and RhoA were cloned into and expressed from pBW 2396. The three plasmids were made by ligating pBW 2396 digested with EcoRI and treated with alkaline phosphatase, to EcoRI fragments encoding either R-Ras, Rac1, or RhoA. Plasmids encoding wild type or the activated alleles of Rac1 and RhoA were kindly provided by Alan Hall, University College London Lamarche et al., 1996) . Plasmids encoding R-Ras were kindly provided by Adrienne Cox, University of North Carolina (Cox et al., 1994; Hu et al., 1997) .
Construction of the GAP inducible allele
The 1433 bp EcoRV fragment of human GAP (nucleotides 2123 ± 3556) from clone 101, kindly provided by Frank McCormick, UCSF (Trahey et al., 1988) was cloned into the unique PvuII site downstream of the GAL1 promoter in the pYES2 plasmid (Invitrogen). This pYES2-GAP plasmid was modi®ed to code for ADE2 instead of URA3 by ligating the 7.0 kbp blunted fragment of pYES2-GAP plasmid digested with NdeI and ApaI to a 4.5 kbp blunted fragment encoding ADE2 originating from the pM1 plasmid (Segal et al., 1993) , digested with BglI and EcoRI. GAP could be visualized in Western blotting when BW 3523, transformed with the pYES2(ADE2)-GAP plasmid, was grown with galactose as the sole carbon source (data not shown). All tested strains growing due to Ras plasmids ceased to grow when plated on galactose plates, except for activated H-Ras (data not shown).
Mammalian transient transfections
The murine ®broblast cell line UNC-NIH3T3 was kindly provided by Channing Der, University of North Carolina. The cells were grown in Dulbecco's modi®ed Eagles medium (DMEM) supplemented with 10% donor calf serum, streptomycin and penicillin, all purchased from Gibco BRL. Cells were kept at 378C in a humidi®ed 5% CO 2 atmosphere. Transfections were performed using the Ca 3 (PO 4 ) 2 coprecipitation method. The DNA precipitate was left on the cells for 6 h after which the cells were washed, and 2 days later lysates were made. Luciferase activity was measured on a luminometer (TD20/20, Turner Designs) according to the protocol (Promega, Dual Luciferase kit).
Focus formation
Focus formation of activated versions of the point mutations was analysed as described (Willumsen, 1995) , with genes where the point mutations were made in the v-H-ras gene and transferred to the pBW1423 plasmid (Willumsen et al., 1991) containing the neo gene.
Ras-GTP pull-down
NIH3T3 ®broblasts were grown to con¯uence, serum starved for 24 h and stimulated with 50 ng/ml EGF. Precipitation of GTP bound Ras was done essentially as described (Taylor and Shalloway, 1996; de Rooij and Bos, 1997; Marais et al., 1998) . Brie¯y, cells were washed twice in cold PBS and lysed on ice in cold MS-buer (20 mM Tris pH 7.5, 100 mM KCl, 5 mM MgCl 2 , 1 mM EDTA, 1% Triton X-100, 0.2 mM Na 2 VO 4 , 0.05% 2-mercapto-ethanol, 1 mg/ml leupeptin, 1 mg/ml pepstatin A and 10 mg/ml aprotinin). Extracts were sheared and insoluble debris removed by centrifugation at 15 000 g. GTP bound Ras was precipitated from extracts containing approximately 0.5 mg protein by addition of freshly prepared bacterially produced GST-RafRBD (amino acid 51 ± 131) bound to glutathione-sepharose. Following 2 h incubation at 48C the sepharose beads were washed four times with MS-buer in the cold, and resuspended in 56sample buer for SDS-gels. The precipitates were analysed by Western blotting using the H-Ras antibody 146-3E4 (NCI Repository at Quality Biotech, Camden, NJ, USA).
Cell extracts and Western blotting
Yeast cells were grown to high cell density and concentrated by centrifugation. After resuspension in water and centrifugation, 100 OD 578 units were resuspended in 100 ml 16laemli buer and boiled for 5 min. The extract was clari®ed and 20 ml run on SDS gels; protein concentration evaluated by coomassie staining and equal amounts of protein run for Western blotting. H-Ras mutants were visualized with 146-3E4, comparison of Ras isoforms by visualization with the pan-Ras antibody Y13-259.
